We have studied exocytosis in rat peritoneal mast cells by cell-attached patch amperometry.
Introduction
Determination of changes in cell membrane capacitance is a powerful technique in the study of exocytosis and endocytosis in living cells [1] . The whole-cell variant of the patchclamp technique has mostly been used for these secretion studies, because it allows control of the composition of the cytosol, and it offers resolution sufficient to record single fusion events with secretory granules larger than 300 nm [2] . In addition, measurements of cell membrane capacitance provide a time-resolved method for studying the properties of the first connection made between the granule interior and the extracellular space, the so-called 'fusion pore' [3] [4] [5] .
Whole-cell capacitance measurements alone do not give a complete picture of the events occurring during exocytosis, since this electrophysiological method does not provide any information about the material released into the extracellular medium. The application of voltammetry or amperometry to single cells has overcome this lack of information and supplemented our knowledge about exocytosis, especially when combined with measurements of cell-membrane capacitance. The combination of cell membrane capacitance measurements and amperometry in single cells has given important clues about how the release of secretory products actually occurs through the exocytotic fusion pore [6] . For example, it has been possible to show that a small, but significant, release of transmitter occurs through the fusion pore during the initial stages [6] . Later, when the fusion pore expands, to a value undetectable by circuit analysis, the massive release of all granule contents occurs, giving rise to the typical amperometric spike. The trickling of transmitter through the fusion pore produces the 'foot' observed before the amperometric spike [6, 7] .
It is not known at what pore size the rapid release of vesicle contents occurs, nor whether the time course of release during the spike depends mainly on the pore size or the rate of release from the granule matrix. Recent experiments with bovine chromaffin cells suggest that the fusion pore size may limit release during the upstroke of the amperometric spike [8] . Furthermore, it has been proposed that, at this very late stage in the fusion process, the pore may close and abort ongoing release from the granule matrix [8] [9] [10] . We have measured fusion pore conductance and exocytotic release by two independent techniques during the upstroke of an amperometric spike in degranulating peritoneal mast cells. To resolve large fusion pore conductance by means of admittance analysis, we need to use high frequency stimulations [11] , which is not possible in whole-cell recordings because the time constant required to charge the whole-cell membrane capacitance is too large. We have therefore used the cellattached configuration, in which only a small patch of membrane is measured and much higher frequencies can be used, allowing us to determine fusion pore conductance during the spike.
Methods
Peritoneal mast cells were obtained by peritoneal lavage from male Sprague-Dawley rats weighing 200-300 g, as described previously [12] . Briefly, to extract mast cells we used a solution of the following composition: 140 mM NaCl, 45 mM NaHCO 3 , 2 mM CaCl 2 , 2 mM MgCl 2 , 10 mM Hepes, 3 mM KCl and 6 mM glucose (pH 7.25; osmolarity between 330 and 340 mOsm/kg). The extracellular recording solution was similar, but without NaHCO 3 . To increase the size of the readily releasable pool of granules, the cells were incubated with PMA, which activates protein kinase C due to its structural similarity to the endogenous activator diacylglycerol [13] .
The pipette solution contained 100 mM tetraethylammonium chloride, 20 mM NaCl, 30 mM NaF, 10 mM Hepes, 5 mM BaCl 2 and 1 mM MgCl 2 (pH 7.25; osmolarity between 290 and 300 mOsm/kg). Patch amperometry experiments were performed as described previously [14] .
Results

Fusion of secretory granules and amperometric signals
Step increases in membrane area were accompanied by an amperometric signal ( Figure 1 ). In most cases, these step increases in patch membrane area were followed by a spikelike amperometric signal, clearly indicating the instantaneous release of 5-hydroxytryptamine (5-HT; serotonin) into the extracellular medium from secretory granules fusing with the plasma membrane patch. Similar recordings have been obtained in standard whole-cell patch-clamp experiments in rat peritoneal mast cells [15] . Most events ranged in size between 8 and 25 fF, although larger events were detected according to the step size distribution reported for rat mast cell granules [2] . The number of events recorded per cell was very variable, as was their size. These events occurred spontaneously and could not be evoked by bath application of compound 48/80, which induces mast cell degranulation. In general, there was a good correlation between the amplitude and the charge of these spikes with respect to the size of the step increase in capacitance, indicating that the concentration of transmitter in each secretory granule is very similar for granules within the same cell. In this work we focused only on those events larger than 50 fF, in which a detailed analysis of large fusion pore conductance could be conducted.
Conductance traces (real part of the admittance; Figure 1 ) showed changes during fusion events, indicating that our system in cell-attached mode is capable of recording the activity of fusion pores during exocytosis.
Phases in expansion of the fusion pore
Capacitance measurements in cell-attached mode have very good resolution, allowing the detection of exocytosis of single small vesicles (<200 nm in diameter) [1] . In our experiments with mast cells, which have relatively large vesicles (mean diameter of between 700 and 750 nm), we can take advantage of this technique, with its low noise, to quantify, off-line and with very good resolution, the conductance of fusion pores Step increases in capacitance averaging 18 fF were recorded, although only large steps were considered for analysis (Y Im). Large steps also had a significant projection on to the real part of the admittance (Y Re), providing sufficient resolution for fusion pore analysis. The amperometric signal detects 5-HT release from the same secretory granule (amperometry).
formed during exocytosis. We could track the expansion of fusion pores from a conductance of 50 pS up to one of >1000 nS, allowing us to determine different phases in fusion pore expansion. Figure 2 shows two examples of the analysis of fusion pores formed during the exocytosis of two secretory granules. The top traces of Figures 2(A) and 2(C) show the two outputs of the lock-in amplifier, corresponding to the imaginary part (i.e. patch capacitance) and the real part (i.e. patch conductance) respectively of the admittance. It is important to note the difference between these recordings and others obtained under whole-cell patch-clamp conditions [16] . In contrast with whole-cell recordings, cell-attached patch capacitance measurements revealed a slow onset in the imaginary trace that occurred before the clear and typical step. This slow onset in capacitance had a more pronounced projection on to the real part of the admittance (Figure 2A , second trace), revealing that during this early phase (phase I) of membrane fusion the electrical behaviour of the vesicle is dominated by a purely resistive component, i.e. the high resistance (narrow connection) of the fusion pore. Coincident with the step increase in capacitance, there was an abrupt increase in conductance (phase II) followed by a further slow increase in this trace, with a corresponding slow decay in conductance (phase III). The calculated time courses of fusion pore expansion for these two granules are shown in the third traces of Figures 2(A) and 2(C) . In the initial phase, when the pore was narrow (<1 nm in diameter), the fusion pore conductance remained at around 500 pS, for more than 2 s in one case ( Figure 2A , third trace) and for around 400 ms in the other event ( Figure 2C , third trace). We could not observe any discrete changes in conductance, indicating a slow dilation of both fusion pores. During the step increase in capacitance, there was an abrupt enlargement of the pore (upstroke in Figures 2A and 2C , third trace). This expansion was much faster than the previous pore opening, i.e. 1000 nS/s compared with <5 nS/s in the initial phase. In addition, we could see a later phase of expansion of the fusion pore, comparable with its initial opening. The dominant conductance during the expansion of the fusion pore is better illustrated in the frequency histograms for these two granules ( Figures 2B and 2D ). The initial phase had a variable conductance of between 30 and 300 pS, which was characteristic of a particular secretory granule. For example, in the event shown in Figure 2 (B), the initial phase had an average conductance of 260 pS, compared with the dominant conductance of 60 pS in the example of Figure 2 
(D).
The correlation between pore conductance and release is also illustrated in Figures 2(A) and 2(C) . The initial phase was not accompanied by any detectable amperometric signal, probably indicating that, under our recording conditions, the carbon fibre electrode was too far away (4-8 µm) from the patch membrane to detect slow release of 5-HT through the fusion pore (foot) [6, 7] . Immediately after the rapid expansion of the pore, we observed the upstroke of the amperometric spike. The latter expansion of the pore developed during the decaying phase of the amperometric spike.
Discussion
We have used a high-resolution assay to study the dynamics of exocytosis and endocytosis in non-dialysed rat peritoneal mast cells. This assay, called patch amperometry [17] , combines cell-attached membrane patch capacitance measurements with simultaneous determination by amperometry of oxidizable compounds released into the patch pipette. The use of the cell-attached configuration offers several advantages over standard whole-cell recording. First, it allows study of the dynamics of membrane recycling due to endocytosis and exocytosis in intact cells. Secondly, the noise in cell-attached capacitance measurements is at least 2-fold lower than in whole-cell patch-clamp [11] . This reduced noise makes it possible to resolve changes in capacitance of 0.2 fF (the assumed detection level), sufficient to detect the fusion of synaptic large dense core vesicles or chromaffin granules [1, 14] . In addition, the low noise of this technique provides enough resolution to quantify the dynamics of fusion pores off-line. We could measure pores as small as 30 pS and as large as 100 nS. Such a dynamic range for estimating pore conductance was possible only for large secretory granules (60-100 fF) and through the use of a 20 kHz sine wave. It should be noted that the resolution for pore conductance is proportional to the product ω · C (where ω is 2 · π · frequency and C is capacitance). Previous whole-cell experiments were performed at 1 kHz, because at this frequency the noise in capacitance measurements is minimal [11] .
Amperometry provides an independent measurement of exocytosis, allowing electrochemical detection of some of the products released into the extracellular space. Amperometric measurements were applied for the first time to single isolated cells in 1990 [18] . Since then, the use of amperometric techniques with single cells has increased significantly (see [19] for a review). Our system, when compared with standard extracellular amperometry, offers the advantage of detecting only the material released into the patch pipette. This is important, because the amperometric signal arises from the same location, i.e. the membrane patch. This is a simpler approach because it avoids the detection of molecules released over the rest of the cell surface area, which eventually diffuse towards the carbon fibre electrode, appearing as spikes with variable features. Amperometric measurements performed with patch amperometry in chromaffin cells revealed that the spikes had a very similar half-width and rising phase, making it possible to avoid to some extent the distortion introduced by diffusion.
One advantage of using cell-attached capacitance measurement is that it allows the determination of fusion pore conductance over a wide range (several pS up to nS). The resolution in measuring fusion pore conductance depends on the product ω · C. Cell-attached capacitance measurements offered minimal noise at around 20 kHz, and therefore this high frequency is chosen for the measurements. In addition, the relatively large size of peritoneal mast cell granules (300-800 nm radius) results in good resolution when measuring fusion pore conductance. A frequency of 20 kHz is not convenient for use in standard whole-cell recording, because of much greater noise [11] . In cell types containing smaller granules, such as chromaffin cells (radius 100-150 nm), the resolution of pore conductance measurement is at least 10-20 times smaller.
Because of the limited range of pore conductances that can be estimated in whole-cell recording, only the initial stages of fusion pore formation have been studied [4, 16] . The fusion pore forms with an average conductance of 300 pS [20] , although pore conductance as low as 40 pS has been reported in human neutrophils from cell-attached measurements [21] . This initial conductance seems to be due to an abrupt opening of the fusion pore, the nature of which has not yet been elucidated, although it has been debated extensively in the literature [22, 23] . In our experiments we cannot fully resolve these initial stages because of poor time resolution (3 ms); however, it is quite feasible to study the subsequent stages of fusion pore expansion and, more importantly, to correlate it with the release of 5-HT from the granule interior.
We have identified three phases during fusion pore opening. The initial phase (phase I) occurs at a rate of approx. 5 nS/s, and represents initial fusion pore formation. At this stage the fusion pore size limits exocytotic release, as indicated by the small amperometric signal (foot) detected during this period [6] . A much higher rate of pore opening occurs during phase II. This varies from granule to granule, with an average value of 1000 nS/s, increasing fusion pore conductance from 1 nS to >100 nS in less than 1 s. The question arises of whether fusion pore size during phase II limits release from the granule matrix or whether the ratelimiting step for release resides elsewhere. The upstroke of the amperometric spike has been proposed to be determined by fusion pore expansion [8, 24] . In addition, those studies suggested that, at this late stage, the fusion pore can exert control over release from the granule matrix, giving rise to partial release from secretory granules. However, our present results suggest that this is not the case. We find that fusion pore sizes achieved during phase II are very large and do not limit release, because the upstroke of the amperometric spike is independent of fusion pore size. There seems to be a maximum rate of release during the upstroke that might be determined by a slower process, such as the dissociation of 5-HT from the granule matrix. The fact that the fusion pore opens abruptly suggests that at this point the pore is unlikely to close or to abort the ongoing process of release from the matrix.
